Background
==========

Peripheral arterial disease (PAD), defined as lower extremity arterial atherosclerosis, is one of most common diseases of the arteries and is a major complication of type 2 diabetes \[[@B1]\]. Conventional cardiovascular risk factors such as aging, smoking, hyperglycemia, hypertension and dyslipidemia have been shown to be associated with PAD \[[@B1]\]. However, the increased risk for atherosclerotic diseases in diabetic patients can be only partially explained by the conventional risk factors \[[@B2]\]. In fact, a high heritability for ankle-brachial blood pressure index (ABI), an index of PAD, has been obtained in Twin studies in Caucasians \[[@B3]\], indicating that additional genetic factors might be involved in the pathogenesis of PAD. In this respect, the search for genetic causes of PAD remains limited \[[@B4]\].

Recently, a genetic form of arterial tortuosity syndrome (ATS; OMIM 208050) was reported to be caused by loss-of-function mutations in the *SLC2A10*gene encoding the facilitative glucose transporter GLUT10. Affected individuals are characterized by tortuosity of the large and medium-sized arteries, and often resulting in premature death at a young age \[[@B5]-[@B8]\]. The features of vascular changes observed in ATS were similar to those described for Loeys-Dietz syndrome (LDS; OMIM 609192), characterized by upregulation of transforming growth factor (TGF)-β signaling \[[@B5]\]. TGF-β mediates the downstream the signaling of hyperglycemia-activated protein kinase C and increases vascular extracellular matrix deposition in vessels exposed to hyperglycemia \[[@B9]\]. Increased TGF-β signaling also correlates with the microangiopathic changes and fibrosis seen in diabetic retinopathy, nephropathy, and peripheral arterial disease \[[@B9]-[@B11]\]. These data indicate that the *SLC2A10*gene is a candidate gene of vascular complications in subjects with type 2 diabetes.

To explore the association of *SLC2A10*genetic polymorphism with PAD in type 2 diabetic patients, we recruited a total of 372 diabetic patients from a Taiwanese population. These patients were followed for the development of PAD over an average period of 5.7 years. The associations of *SLC2A10*genetic variants with baseline and incident PAD during follow-up were analyzed.

Methods
=======

Subjects and Phenotype Measurements
-----------------------------------

This study recruited 372 patients with type 2 diabetes diagnosed with the WHO criteria of 1998 \[[@B12]\] from the metabolic clinic of the National Taiwan University Hospital, Taipei, Taiwan. All subjects are Han Chinese by self-report. Body weight and height were measured to calculate body mass index (BMI). Seated blood pressure was measured after at least 5 min of resting. Demographic data and past medical history including cardiovascular, cerebrovascular and peripheral arterial diseases were documented. PAD was defined as an ankle-brachial index (ABI) \< 0.9 in any of the two limbs, using a handheld Doppler ultrasound (Medacord PVL, Medasonics, Fremont, CA) over brachial and dorsalis pedis or posterior tibial pulses according to the American College of Cardiology/American Heart Association guideline \[[@B13]\]. The concentrations of plasma glucose, total cholesterol, and triglyceride were measured in fasting samples by an autoanalyzer (Hitachi 7250 special, Tokyo, Japan). HbA1c was measured with high-performance liquid chromatography (CLC385, Primus Corporation, Kansas City, MO). All subjects were unrelated and were given written informed consent. The study protocol was approved by the Institutional Review Board of the National Taiwan University Hospital. All participants and investigators were blind to the genotyping information.

SNP Selection and Genotyping
----------------------------

Genomic DNA was isolated using the PUREGENE DNA purification system (Gentra Systems, Minneapolis, MN). A total of 11 polymorphic markers, including 10 SNPs (rs2425895, rs2143044, rs3092412, rs2235491, rs2425904, rs2425911, rs3091904, rs1059217, rs6066059, rs2179357) and one (TGTGTGTGT)*n*microsatellite, were selected using the SNPper software <http://snpper.chip.org> and were genotyped as previously described \[[@B14]\]. Samples with failed genotyping were analyzed with direct sequencing and therefore the genotype success rate was 100%. The genotyping concordance rate based on 92 replicates was 98.9%.

Statistical Analysis
--------------------

Hardy-Weinberg equilibrium tests were carried out before conducting marker-trait association analyses. Inter-marker linkage dis-equilibrium (LD) was estimated by measuring pairwise D\' and *r*^2^and were displayed using the Haploview software \[[@B15]\]. The SAS/Genetics package was used for the single-locus association analysis and allele and genotype *p*-values were calculated from Chi-square or Fisher exact tests. Odds ratios (OR) and 95% confidence intervals (CI) were estimated with multivariate logistic regression. For haplotype analyses, we used the score test developed by Schaid *et al*. and implemented in the Haplo. Stats package <http://mayoresearch.mayo.edu/schaid_lab/software.cfm>\[[@B16]\]. This method allows the adjustment for possible confounding variables. Haplotypes with frequencies less than 0.01 were grouped into rare haplogroups in the regression analyses. Nominal two-sided *P*-values were calculated with simulation for 1,000 times. Cox proportional hazard models were used to evaluate the risk of developing PAD by carrying individual haplotypes. The hazard ratios (HR) comparing the risks of developing PAD between individuals with and without each specific haplotype were computed. Potential confounders including age, sex, duration of diabetes, BMI, triglyceride, total cholesterol, HbA1c, systolic blood pressure and current smoking status were adjusted in these analyses. The Kaplan-Meier method was employed to estimate the survival curves for individuals with and without a specific haplotype. The log-rank test was used to assess the significance level of the difference between two curves. These analyses were performed using LIFETEST procedure in the SAS statistical package.

Results
=======

The baseline characteristics of study participants are summarized in Table [1](#T1){ref-type="table"}. At baseline, 27 (7.26%) of 372 type 2 diabetic subjects had PAD. There were significant differences between patients with or without PAD in age, duration of diabetes, and systolic blood pressure. No significant difference was found for other variables between the two groups.

###### 

Characteristics of type 2 diabetic patients according to absence (-) or presence (+) of PAD at baseline.

  ------------------------------------------------------------------------------
                                   PAD (-)\       PAD (+)\       *P*-value
                                   N = 345        N = 27         
  -------------------------------- -------------- -------------- ---------------
  Age (year)                       60.2 ± 11.5    71.4 ± 8.11    **\< 0.0001**

  Duration of diabetes (year)      10.7 ± 7.63    16.4 ± 11.2    **0.01**

  Sex (male: female)               177:168        17:10          0.24

  BMI (kg/m^2^)                    24.9 ± 3.32    24.7 ± 3.60    0.86

  Triglyceride (mmol/l)            1.74 ± 0.93    1.74 ± 0.93    0.99

  Total cholesterol (mmol/l)       5.15 ± 1.01    5.32 ± 0.88    0.40

  Hemoglobin A1c (%)               7.67 ± 1.39    7.95 ± 1.13    0.30

  Systolic blood pressure (mmHg)   134.3 ± 16.5   145.0 ± 16.5   **0.003**

  Smoker: non-smoker               269:76         21:6           0.98
  ------------------------------------------------------------------------------

Eleven polymorphic markers including 10 SNPs and one microsatellite spanning 34 kb across the *SLC2A10*gene were genotyped. All markers were in Hardy-Weinberg equilibrium (data not shown). Graphical representations of these markers in relation to the exon-intron structure and the LD structure are shown in Figure [1](#F1){ref-type="fig"}. The genomic position, gene region, and nucleic acid compositions of the markers are summarized in Table [2](#T2){ref-type="table"}.

![**Graphical representation of SNPs in relation to the exon-intron structure (upper part) and Haploview LD graph of *SCL2A10*gene (lower part)**. The exon regions are shown with filled rectangles and numbered in order. Pairwise LD coefficients D\' × 100 was shown in each cell (D\' values of 1.0 were not shown). Standard color scheme of Haploview was applied for LD color display (LOD score \> 2 and D\' = 1 in bright red; LOD score \> 2 and D\' \<1 in blue; LOD score \<2 and D\' = 1 in shade of pink; LOD score \<2 and D\' \<1 in white).](1471-2350-11-126-1){#F1}

###### 

*SLC2A10*sequence variants and association with PAD in type 2 diabetic patients at baseline.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  \#   ID               Position\   Function         Major/\        Minor allele frequency\   Allelic *p*-value\   Allele OR\*\                  Genotype distribution\*\*\   Genotypic *p*-value\             
                        (kb)                         minor allele   PAD(-) PAD(+)             (adjusted\*)         (95% CI)                      PAD (-) PAD (+)              (adjusted\*)                     
  ---- ---------------- ----------- ---------------- -------------- ------------------------- -------------------- ----------------------------- ---------------------------- ---------------------- --------- -----------------------
  1    rs2425895        -1.789      5\' upstream     G/A            0.067                     0.056                0.75 (0.83)                   0.87 (0.24-3.13)             301:42:2               24:3:0    1.00 (0.82)

  2    (TGTGTGTGT)~n~   -0.208      5\' upstream     3/2            0.24                      0.28                 0.54 (0.38)                   1.37 (0.68-2.80)             198:128:18             14:11:2   0.72 (0.39)

  3    rs2143044        10.341      Intron 1         C/T            0.31                      0.44                 **0.03 (0.03)**               2.00 (1.04-3.85)             167:141:35             7:16:4    0.05 (0.04)

  4    rs3092412        11.720      Intron 1         A/T            0.39                      0.56                 **0.01 (0.005)**              2.51 (1.31-4.81)             130:164:51             4:16:7    **0.03 (0.006)**

  5    rs2235491        15.915      Exon 2\          G/A            0.074                     0.13                 0.14 (0.036)                  3.03 (1.08-8.55)             296:47:2               21:5:1    0.11 (0.05)
                                    Ala206Thr                                                                                                                                                                  

  6    rs2425904        18.500      Intron 3         T/C            0.37                      0.56                 **0.007 (0.004)**             2.58 (1.34-4.98)             133:167:45             3:18:6    **0.006 (0.004)**

  7    rs2425911        21.843      Intron 4         G/C            0.38                      0.56                 **0.01 (0.005)**              2.54 (1.32-4.87)             132:164:49             3:8:6     **0.009 (0.005)**

  8    rs3091904        23.079      Intron 4         C/T            0.38                      0.57                 **0.004 (0.002)**             2.83 (1.46-5.46)             136:158:51             3:17:7    **0.005 (0.002)**

  9    rs1059217        26.273      3\' UTR          C/T            0.37                      0.56                 **0.007 (0.004)**             2.58 (1.35-4.95)             185:160:0              9:18:0    **0.005 (0.004)**

  10   rs6066059        29.778      3\' downstream   C/T            0.37                      0.56                 **0.005 (0.004)**             2.61 (1.36-5.00)             138:161:46             3:18:6    **0.004 (0.004)**

  11   rs2179357        32.708      3\' downstream   C/T            0.33                      0.57                 **2.6 × 10^-4^(\< 0.0001)**   3.87 (1.97-7.58)             160:143:42             4:15:8    **0.001 (\< 0.0001)**
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\*P-values and odds ratios were adjusted for covariates including age, sex, duration of diabetes, BMI, triglyceride, total cholesterol, HbA1c, systolic blood pressure and current smoking status.

\*\*Genotype distribution are shown as number (AA: AB: BB); A represents the major allele and B represents the minor allele.

PAD, peripheral artery disease; OR, odds ratio; CI, confidence interval

We first compared the allele frequencies between type 2 diabetic subjects with and without PAD at baseline. Eight SNPs showed nominally significant associations with PAD in type 2 diabetes (Table [2](#T2){ref-type="table"}). Among them, the T allele at rs2179357 showed the strongest association with PAD in type 2 diabetic patients (*P*= 2.6 × 10^-4^; OR: 3.87; 95% CI: 1.97- 7.58) (Table [2](#T2){ref-type="table"}), which remained significant after applying the Bonferroni correction for multiple testing. The genotypic odds ratio was 7.62 (95%CI: 1.91-35.8, *P*= 0.0003) for the homozygous genotype (TT) and was 4.20 (95% CI: 1.91-7.58, *P*= 0.007) for the heterozygous genotype (TC). Combining all 11 markers, we identified a common haplotype (H4) conferring a strong risk of PAD in type 2 diabetic patients (*P*= 0.03, OR: 14.5; 95% CI: 1.3-160) (Table [3](#T3){ref-type="table"}). At baseline, 6 of the 27 subjects with PAD were estimated to be H4 haplotype carriers, whereas only 39 of the 345 subjects without PAD carried the H4 haplotype. These associations remained significant after adjustment for possible confounding risk factors including age, sex, systolic blood pressures, hemoglobin A1C (HbA1C) levels, durations of diabetes, BMI, current smoking status, serum triglyceride, and total cholesterol levels (Table [4](#T4){ref-type="table"}), indicating that the *SLC2A10*genetic polymorphism is an independent risk factor of PAD in type 2 diabetes.

###### 

*SLC2A10*haplotype analysis for association with baseline, incident, and all PAD in type 2 diabetes.

                    Haplotype Sequence   Frequency   Baseline PAD association   Incident PAD association                       
  ----------------- -------------------- ----------- -------------------------- -------------------------- ------------------- -------------------
  H1                A3TAGCCTTTT          0.051       0.87                       1.28(0.07-22.8)            0.89                1.17(0.13-10.4)
  H2                G3CTGTGCCCC          0.499       **0.01**                   0.20(0.05- 0.75)           0.80                1.20(0.30- 4.72)
  H3                G2TAGCCTTTT          0.118       0.08                       4.20(0.82- 21.6)           0.29                0.42(0.09- 2.06)
  H4                G3TAGCCTTTT          0.063       **0.03**                   14.5(1.3-160)              **0.007**           6.78(1.66- 27.6)
  H5                G2CAACCTTTT          0.041       0.97                       1.07(0.04- 29.5)           0.99                1.8 × 10^-7^(0-∞)
  H6                G2CTGTGCCCC          0.026       0.42                       5.4 × 10^-4^(0- 40159)     0.66                0.60(0.06-5.99)
  H7                G3TAGCCTTTC          0.023       0.48                       1.7 × 10^-6^(0-∞)          0.87                1.22(0.10- 14.5)
  H8                G3CTGTGCCCT          0.015       0.40                       7.67(0.07- 894)            0.34                3.01(0.31- 29.0)
  Rare haplotypes   0.15                 0.26        1.36(0.80-2.31)            0.99                       4.8 × 10^-6^(0-∞)   

^\*^*P*-values, odds ratios, and hazard ratios were adjusted for covariates including age, sex, duration of diabetes, body mass index, triglyceride, total cholesterol, hemoglobin A1C, systolic blood pressure and current smoking status.

PAD, peripheral artery disease; OR, odds ratio; HR, hazard ratio, CI, confidence interval

###### 

Multivariate regression analyses of the *SLC2A10*haplotype H4 with PAD in type 2 diabetes.

  ------------------------------------------------------------------------------------------------
  Risk factors                            Effect estimate   OR (95% CI)         *P*-values
  --------------------------------------- ----------------- ------------------- ------------------
  Age (per year)                          0.0812            1.09(1.04,1.13)     **3 × 10^-4^**

  Male                                    -0.0456           0.91(0.38,2.19)     0.83

  Hemoglobin A1C (per 1%increase)         0.1046            1.11(0.91,1.36)     0.31

  Duration of diabetes (per year)         0.0467            1.05(1,1.1)         **0.04**

  Triglyceride\                           0.2118            1.24(0.79,1.92)     0.34
  (per increase of 1mM)                                                         

  Total cholesterol\                      -0.1952           0.82(0.54,1.26)     0.36
  (per increase of 1mM)                                                         

  Systolic blood pressure\                0.0463            1.05(1.03,1.07)     **1.9 × 10^-5^**
  (per 1 mmHg increase)                                                         

  Current smoker                          -0.2913           0.56(0.22,1.44)     0.22

  Body mass index (per kg/m^2^increase)   -0.0564           0.95(0.83,1.08)     0.39

  H4 haplotype                            3.4171            30.47(4.47-208.5)   **5 × 10^-4^**
  ------------------------------------------------------------------------------------------------

PAD, peripheral artery disease; OR, odds ratio; CI, confidence interval

We next examined whether the risk haplotype affected the incidence of PAD in type 2 diabetic subjects. Over an average follow-up period of 5.7 years, 13 (3.76%) of the 345 diabetic patients without PAD at the baseline developed PAD. Carriers of risk-conferring haplotype H4 were more likely to develop PAD than were other haplotypes during follow-up (*P*= 0.007; HR: 6.78; 95% CI: 1.66-27.6) (Table [3](#T3){ref-type="table"}). During follow-up, 5 of the 13 incident PAD cases were estimated to be H4 carriers, whereas H4 haplotype was only present in 34 of the 332 subjects who did not develop PAD. The Kaplan-Meier curves representing the cumulative incidence of PAD for individuals with and without carrying the haplotype H4 is depicted in Figure [2](#F2){ref-type="fig"}.

![**Cumulative probability of PAD in type 2 diabetic patients with and without haplotype H4**.](1471-2350-11-126-2){#F2}

To further search for causative variants of *SLC2A10*, we performed the direct DNA sequencing of all exons and flanking intronic sequences of the *SLC2A10*gene in all patients with PAD. No pathogenic mutations other than the aforementioned SNPs were found (data not shown).

Discussion
==========

This study showed that common *SLC2A10*genetic variants were associated with the development of PAD in type 2 diabetic patients independent of all known risk factors for PAD including age, sex, smoking, lipids, and blood pressures. The association was observed at baseline and was further replicated during follow-up study. These data suggest the *SLC2A10*gene plays a significant role in the pathogenesis of PAD in diabetic patients.

The *SLC2A10*gene encodes GLUT10, a facilitative glucose transporter. The facilitated glucose transporter (GLUT) mediated the uptake of several monosaccharides including glucose, fructose, mannose, galactose, and glucosamine \[[@B17]\]. The physiological function of GLUT10 was unclear until recently, when a genetic form of arterial tortuosity syndrome was identified by a loss-of-function mutation in the *SLC2A10*gene \[[@B5]-[@B8]\], with a pathology characterized by upregulation of TGF-β signaling in the vascular walls. TGF-β signaling is one of the final common pathways linking hyperglycemia and vascular complications in individuals with diabetes mellitus \[[@B9]\]. In addition, impaired uptake of monosaccharides, a function of GLUT10, may hinder glycosylation, which is an important step for the production of functional glycoproteins and proteoglycans \[[@B5]\]. Glycoproteins and proteoglycans are essential structural components of the arterial wall and connective tissue. In support of this notion, we recently demonstrated that mutation in the *SLC2A10*gene in mice causes irregular shape of large and medium-sized arteries, characterized by markedly increased elastic fibers and intimal endothelial hypertrophy \[[@B18]\]. These data further support the role of *SLC2A10*gene in the pathogenesis of diabetic vascular complications.

The SNPs with significant associations with PAD in our study are located in non-coding regions within a single LD block spanning from intron 1 to the 3\' downstream of *SLC2A10*gene. One non-synonymous SNP rs2235491 (Ala260Thr, exon 2) was in strong LD with rs2179357 (D\' = 0.82) but did not show significant association with PAD, which may be attributed to its low frequency in the Taiwanese population. Previous study has provided evidence that the rs2235491 Ala/Ala carriers exhibit higher fasting plasma insulin level and higher area-under-curve of insulin levels after glucose loading \[[@B19]\]. The rs2235491 Ala allele might contribute to the vascular complication in type 2 diabetes via associated hyperinsulinemia. A larger sample size would be required to clarify whether this putatively functional variation is the causal variant. In our study, the association is strongest for the SNPs that are located near the 3\' UTR, downstream of the *SLC2A10*gene. However, bioinformatics analysis of the sequences surrounding this region failed to reveal any conserved regulatory motif among different species to support the functional consequences \[[@B20]\].

Our results demonstrate that variation of the *SLC2A10*gene not only results in a rare vascular syndrome but also is associated with susceptibility to common vascular complications in type 2 diabetes. It is interesting to note that prevalence of PAD and amputation rate in type 2 diabetes is lower in Chinese populations as compared to Caucasians and Indians \[[@B21]-[@B24]\]. Using data from the HapMap database, the risk at the rs2179357 T allele, which is in strong LD with other risk alleles in our study, is present in 81% of Caucasians but only in 44% of Han Chinese \[[@B24]\]. Whether this difference explains the lower incidence of PAD in type 2 diabetic Asians remains to be further studied.

There are certain limitations of this study. First, although a total of 1,967 person-years of follow-up were accumulated in this study, the sample size is relatively small and the incident cases were limited. Therefore, the association may be seriously influenced by random fluctuation. We calculated the power of this study to detect variants with various frequencies and odds ratio. For 345 controls and 27 cases, we will have a statistical power of 0.8 to detect an odds ratio of 3.0, 3.6, 4.6 and 10.0 for a target allele or haplotype frequency of 0.2, 0.1, 0.05 and 0.01, respectively, assuming a type I error rate of 0.05 (Additional File [1](#S1){ref-type="supplementary-material"}: Supplemental Figure S1). Second, the result has not been replicated in an independent study. Although the association in baseline was replicated in longitudinal follow-up, it cannot be viewed as a true independent replication. Thirdly, population stratification may arise when samples are drawn from structure populations. However, our study participants were all Han Chinese by self-report. Previous research has demonstrated that genotype distribution in Han Chinese in Taiwan is highly homogenous \[[@B25]\]. The high homogeneity mitigates the possibility of spurious association. Lastly, the drop-out rate in this study is substantial (31.11% in H4 haplotype carriers and 31.11% in non-H4 haplotype carriers). Although there is no difference in drop-out rate or drop-out reasons between two groups (data not shown), whether the high drop-out rate introduces bias to this study is not known.

Conclusions
===========

We identified common *SLC2A10*genetic variants conferring strong and independent risk on development of PAD in type 2 diabetic patients. The present report indicates an important role of the GLUT10 transporter in PAD development in diabetic patients. Whether or not the *SLC2A10*genetic polymorphism contributes to other micro- or macrovascular complications merits further investigation.
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